Introduction
Individual prognosis, with regard to upper limb motor function, largely depends on the integrity of the corticospinal tract (CST). 1 There are two principally different approaches for CST integrity assessment: 1. structural -using T1, or diffusion-weighted MRI 1-3 and 2.
functional -using single pulse transcranial magnetic stimulation (TMS) based on probing motor evoked potentials (MEPs) from the affected hand. 4, 5 However, it is still unclear how much these approaches are interchangeable or complementary in different stroke periods. 4, 6 Despite being one of the most commonly used CST integrity parameters 3 , the method of detecting MEP presence is still not a unified one. 4, 5, [7] [8] [9] [10] [11] It is still not clear, whether it is necessary to study more than one muscle and which hand muscles are the most informative. [12] [13] [14] [15] Another possible important selection biomarker, for rehabilitation intervention choice, is the state of the contralesional motor areas and the excitability balance between the hemispheres. 16, 17 It is becoming clear that popular inhibitory stimulation of the contralesional primary motor cortex, is not effective when applied in a "one-size-fits-all" way. [17] [18] [19] In this study, we combined MRI-and TMS-based measures of the motor system in a cohort of chronic supratentorial ischemic stroke patients. Specifically, we aimed at classifying patients into three predefined groups of the upper limb motor outcome. We investigated: (1) whether the use of two, and not one, hand muscles has an added value for MEPs detection; (2) whether structural and functional CST metrics are complementary to each other; and (3) whether additional metrics, such as MEPs parameters, evoked by single and paired pulse TMS (ppTMS) of any of the hemispheres, and corpus callosum (CC) structural integrity, can improve the classification, based solely on the CST.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Population
Thirty-five patients ( 
Behavioral assessment
Hand function was assessed using the Fugl-Meyer Assessment scale for upper limb (FM-UE) and a scale that is commonly used in Russia -spastic paresis scale of Institute of Neurology (SPS_IN, 1982,**) 20 (online-only Data Supplement). Based on these scales, patients were divided into three outcome groups: 1 -good (1, 2 points in SPS_IN, active use of the hand in everyday life with different levels of dexterity, FM-UE >55 scores); 2 -moderate (3 points SPS_IN, limited use of the hand in everyday life, FM-UE 30-55); 3 -bad hand motor recovery (4, 5 points SPS_IN, no use of the hand in everyday life, FM-UE<30).
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MRI investigation
MRI data was acquired using a 1.5T Magnetom Avanto scanner (Siemens, Germany).
Structural T1-weighted images (MPRAGE, 1 mm isotropic voxel; acquisition matrix 256x256)
were used for MRI-guided TMS. Diffusion-weighted data were acquired using 20 gradient directions, b-value=1000 s/mm 2 and voxel size 1.8x1.8x5.0 mm, following the routine clinical protocol.
TMS investigation
MRI-navigated TMS was performed using a Nexstim eXimia stimulator with TMScompatible eXimia electromyography (EMG). MEPs were recorded by placing 0.6-cm 2 surface EMG electrodes over two hand muscles -abductor pollicis brevis (APB), and extensor digitorum communis (EDC). 21 Single pulse TMS of both hemispheres was performed using figure-of-eight biphasic coil (version 3.2.2, Focal Bipulse, outer winding diameter 70 mm). First, "rough mapping" 22 starting from the "motor knob" region 23 in the primary motor cortex and proceeding with somatosensory and premotor areas was performed to find optimal "hotspots" for both investigated muscles (similar to Krieg et al. 22 ). Once both hotspots were found, the resting motor threshold (RMT) was determined for each muscle, defined as the lowest intensity sufficient to evoke MEP with the amplitude of 50 µV in a resting muscle in about 5 out of 10 stimuli. 24 RMT was estimated as a percentage of the maximum intensity of the stimulator. In patients whose RMT for an investigated muscle (separately for APB and EDC) was higher than 99% of the maximal stimulator output, the criterion was changed to eliciting MEP with 100% intensity with preactivation. MEP was considered as present (MEP+) when it was possible to obtain MEP higher than 50 µV in any of the tested muscle with a consistent latency in 4 out of 8 consecutive 6 trials during rest or attempted/imagined contraction of the affected and/or contralesional hand, which is similar to the approach described in the PREP2 algorithm 7 .
The ppTMS protocol is described in detail in the online-only Data Supplement.
Data analysis
DTI data
DTI data were corrected for artifacts as described in. 25 FA maps were calculated using BrainVISA 26, 27 and normalized in SPM8 (Welcome Trust Centre of Neuroimaging, UK). CС and CST masks were manually delineated on averaged normalized FA maps using BrainVISA 26 from an additional group of 30 healthy subjects from a separate study (18 women, mean age 46.9 ± 16.5 y.o.) with the same acquisition parameters. 28 Images of the right-hemispheric stroke patients were flipped for further comparison in SPM8, using MRIcron (http://www.nitrc.org/projects/mricron). In the CST, we manually defined regions of interest (ROIs) in the posterior limb of the IC and in the cerebral peduncle (CP). FA asymmetry was calculated as the ratio between ipsilesional and contralesional FA. Centroids for the CST from Connectomist 27 were projected to the subjects' data to measure FA values at 30 equidistant points. To assess the similarity between ipsi-and contralesional FA CST profiles, we used Fréchet distance, that takes into account the location and ordering of the points along the curves. 29 Formally, the Fréchet distance between curves A and B is defined as follows:
where are any continuous nondecreasing parameterizations of the curves A and B. 30 To our knowledge, it is the first time Fréchet distance is applied for analysis of ipsi-and contralesional FA CST profiles. 7 There is currently no consensus which CC areas are the most discriminative for stroke patients with motor deficit. [31] [32] [33] Thus, we decided to perform voxel-based comparison of FA maps between the best (Group1) and the worst recovered patients (Group3). Normalized FA maps of Group3 and Group1 were compared using two-sample t-test with the CC masks using SPM8. Voxels were identified as significant if p_uncor ≤ 0.01 on the cluster level, family-wise error corrected. For data visualization, we utilized xjView.814
(https://www.alivelearn.net/xjview). FA in this CC area was used for further analysis.
TMS data
The MEPs peak-to-peak amplitudes were calculated online using the eXimia software.
During the initial preprocessing, EMG data were visually inspected for artifacts. Trials with the pre-stimulus noise larger than 50 µV were excluded. 22 We also estimated RMT ratio: RMT ipsilesional /RMT contralesional hemisphere. In contrast to Kemlin et al. 34 , we did not assign 110% of RMT in cases, when MEPs were absent in the contralateral muscles (see the discussion).
Patients' classification regarding upper extremity motor outcome
Classification of patients was performed using WEKA 3.8. 35 
Statistical analysis
Apart from the procedures described above, further statistical analysis was performed 
Results
Structural DTI assessment of CST and CC integrity
Corticospinal tract: FA ratio in IC and CP showed significant differences between Group3 and the two other groups (Figure 1A, B ). While Fréchet distance between ipsi-( Figure   1C ) and contralesional ( Figure II in the online-only Data Supplement) CST FA profiles were significantly different among all the groups (Mann-Whitney U-test) ( Figure 1D ).
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Corpus callosum: the most diverging CC area between well and poorly recovered patients overlapped by 76% with the CC hand motor area from the Brainnetome atlas ( Figure   2A ). FA values there were significantly different between Group1 and Group3 ( Figure 2B ) and correlated significantly with FA in the ipsilesional ( Figure 2C ), but not in the contralesional IC ( Figure 2D ).
Functional TMS assessment of the ipsilesional hemisphere
Single pulse TMS
All Group1 patients were MEP+ for both muscles of the affected hand. All Group2 patients were also MEP+, however, in three patients, MEPs were obtained only from a single muscle, in two patients only from APB (RMTs were 98% and 64%, respectively); in one -from EDC (RMT was 46%). RMT had a tendency to be higher in Group2, but it did not differ significantly from that in Group1. In Group3, only one patient was MEP+. Importantly, his RMTs were lower than the average RMT for Group1. Interestingly, this patient was among the four patients with the shortest time after stroke (6 months). As a normalized version of the affected side RMT, we calculated RMT ratio between ipsilesional and contralesional RMT only for those muscle pairs with MEPs. No significant difference for either APB or EDC muscles was found after FDR correction; also, there is an apparent tendency towards higher values in Group2 (Table 2) .
SICI and ICF phenomena in stroke
No significant difference for SICI and ICF phenomena in the ipsilesional hemisphere (only in MEP+ patients) was found. An inversed SICI phenomenon in the ipsilesional primary motor cortex (SICI/SP>1) was found in three patients: in one Group1 patient and in two Group2 patients. No between-group difference was observed for the ICF.
Functional TMS assessment of the contralesional hemisphere
Single pulse TMS
RMT from the contralesional primary motor cortex did not differ among the groups ( Figure 3A) . Notably, RMT of the contralesional and ipsilesional primary motor cortex were highly correlated in MEP+ patients ( Figure 3B ).
ppTMS
Inhibition (SICI/SP<1) in the contralesional hemisphere was found in all Group3 patients. The SICI phenomenon was inverted (SICI/SP>1) in the majority of Group1 (5 out of 8) and Group2 patients (3 out of 6). Groups1 and 3 were significantly different. Disinhibition in the contralesional hemisphere was more characteristic for Group1 ( Figure 3C ). No significant difference of the ICF phenomena in the contralesional hemisphere was found.
Association between structural and functional assessments of the CST integrity
Since MEP presence was the best functional discriminating factor, presumably reflecting the CST integrity, we used it to discriminate structural parameters. In all cases structural parameters for MEP+ and MEP-groups were significantly different: FA asymmetry in the IC and CP, Fréchet distance, and FA in the CC ROI. The best separation between MEP+ and MEPgroups was observed for IC FA ratio ( Figure III A-D in the online-only Data Supplement).
ppTMS phenomena (SICI, ICF), probed in the contralesional primary motor cortex, did not correlate with the CC structural integrity .
Classification of patients to motor outcome groups using a decision tree classifier
Both IC FA asymmetry and MEP presence were equally discriminative for Group3 versus the two other groups (96% accuracy). When other parameters such as CST, and the CC integrity, were added, their best predicting combination included two CST integrity parameters, FA IC asymmetry, and Fréchet distance (3 classes, 91% accuracy) ( Figure 4 , Figure IV in the online-only Data Supplement). No other metrics had any additional value for patients' classification.
Discussion
We probed the relationships between upper limb motor deficit in chronic supratentorial ischemic stroke patients, and several structural-functional parameters of the motor system. We aimed at investigating whether factors, apart from the CST integrity, would have an additional value for patients' classification.
Structural CST integrity for classification
Previous studies suggested that IC FA values provided an excellent separation of the group with bad motor recovery. 38, 39 However, no or little difference was found between motor recovery groups when comparing FA over the CST, as in the recent study by Kemlin and colleagues. 34 Such a result might stem from the lack of ROIs specificity. We considered both ROI-analysis and FA profiles along the CST. Apart from replicating the finding regarding the IC FA 38, 39 , we also showed that the combination of IC FA asymmetry and Fréchet distance is superior in classifying motor-outcome groups compared to CST ROI-based approaches.
MEP presence for classification
MEPs presence had the same classification value as IC FA ratio. Importantly, in three out of seven Group2 patients, MEPs were present in a single muscle which differed among patients.
It is worth noting that such "single MEP+ muscle" situation happened only in the Group2.
Therefore, we assume that it may be informative to probe MEPs in several muscles.
Resting motor threshold in the ipsilesional hemisphere
We suggest that such a multi-muscle approach might also be applicable for other TMS parameters, such as RMT. Indeed, we showed that RMT, in the ipsilesional hemisphere, may vary among different muscles. When performing between-group comparisons, no significant difference between Group1 and Group2 for RMTs or RMTs ratio was found. However, this might be because of a small number of MEP+ patients in Group2. Indeed, in a recent study 34 , the RMT ratio was the only metric correlating with the motor performance. The authors proposed to assign 110% RMT to the affected side for the most severely affected MEP-patients. 34 However, we decided to avoid this. We suppose that RMT ratio does not reflect an interhemispheric balance, but may be rather considered as a normalized value of the ipsilesional RMT. As it was shown previously 12 , and in our study, contralesional RMT does not change after stroke and, thus, does not differ among patients with different recovery level. At the same time, when assigning 110% RMT to an MEP-hand, such ratios would reflect only contralesional RMT, which are likely to relate to its premorbid value. Thus, we suppose that RMT ratio should be considered only for MEP+ patients, i.e. patients with moderate-to-mild deficit.
Resting motor threshold in the contralesional hemisphere
Contralesional RMTs were similar among the recovery groups and RMTs from both sides correlated strongly in MEP+ patients. For the contralesional CST, the correlation of RMT and FA was weak but significant, similar to the previous findings in healthy subjects. 15 Interestingly, when investigating ipsilesional FA IC and contralesional RMTs, two segregated clusters appeared with a significant negative correlation between FA IC and RMT only in the subpopulation of patients with moderate and good outcome (FA IC>0.4). A possible interpretation of these results is that RMT is associated, at least to some extent, with the CST integrity.
However, such association did not seem to be more prominent in the ipsilesional compared to the contralesional side.
Corpus callosum integrity
It has been suggested that CC integrity may serve as a biomarker in the chronic stroke. 31 However, previous data on the most relevant CC regions, and on their contribution depending on paresis severity, are contradictory. Indeed, one study suggested that FA in the CC motor region, explains the motor deficit scores better than FA in the CST in a subgroup of patients with minor motor impairment. 33 While in other studies, relationships between CC integrity and recovery were shown for the prefrontal CC region 31, 40 , and in one of them 31 , such association existed only in a subgroup of the most severely affected patients. We defined the CC ROI based on voxelbased comparison of the "good" and "bad outcome" groups. Interestingly, the resulting ROI overlapped by 76% with the CC hand motor region from the Brainnetome atlas. 41 However, FA in this region did not have additional value for classification. It is not surprising, considering that FA in this region is highly correlated with the ipsilesional IC FA. Conversely, no correlation with the contralesional CST was observed which is consistent with the previous findings in healthy volunteers. 42
Conclusions
We replicated the finding that IC FA asymmetry and MEPs absence can serve as markers for the poorest hand motor recovery with a similar predictive value. As a novel finding, we demonstrated an additional value of the difference between ipsi-and contralesional CST FA profiles. Furthermore, we showed for the first time that MEPs should be controlled in more than 14 one hand muscle. MEPs in just one of the investigated muscles were observed only in patients with moderate recovery, highlighting the possibility of false negative MEPs feature in this group.
Other principal findings are related to the interhemispheric interactions: (1) the most prominent difference between well-and poorly-recovered patients in the CC, is located primarily in the CC hand motor region; (2) the state of the contralesional motor cortex is not associated with CC integrity.
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